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Abstract

To treat skin burns, a new wound dressing, nanofibre mats, with metal or metal oxide
nanoparticles (Ag, CuO, and ZnO), was fabricated using the electrospinning technique.
During a therapeutic process, the antibacterial ability and bio-compatibility of a new dressing
material are of major concern. To expound the characteristics of ethylene vinyl alcohol
(EVOH) nanofibre mats encapsulated with metal or metal oxide nanoparticles, denoted as
Ag-EVOH, CuO-EVOH, and ZnO-EVOHy for use as new»wound dressing materials, we
investigated the suitable processing parameters, to fabricate these materials, such as the
voltage, tip-to-collector distance, concentration of the solution, and effect of environmental
temperature. The antibacterial ability and bio-compatibility of Ag-EVOH, CuO-EVOH, and
ZnO-EVOH were then tested and quantified:, The outcomes show that the most suitable
temperature for the fabrication of the materials 1540 °C (£3 °C). The antibacterial experiment
results indicate that 0.08 g/ml of metal/metallic oxide shows the highest antibacterial ability
toward Staphylococcus aureus.(Furthermore, the largest diameters of the bacteriostatic loops
of the three types of nanofibre matsyi.c. Ag-EVOH, CuO-EVOH, and ZnO-EVOH, are 5.89,
5.21, and 4.12 mm, respectively:nEinally, the cell proliferations on the three nanofibre mats
show a similar growth trend.

Keywords: electrospinning, temperatute, nanoparticles, antibacterial ability, cell proliferation

1. Introduction

Skin, the largest.organ of the human body, is mainly
responsible for protecting the tissues and organs of the body
from physicaly, mechanical, chemical, and pathogenic
invasions [1, 2]. However, in daily life, skin is subjected to
more damagenthan that to other organs, owing to many

XXXX-XXXX/ XX/ XXXXXX

reasons such as burns, leprosy, scabies, mycosis, etc. [3, 4].
Broadly, the most common treatment when skin is damaged
is medication [5, 6]. Dressing materials are often required to
assist the healing process. There are many types of wound
dressings, e.g. hydrogels, films, and oil yarns. Antimicrobial
dressings are currently the most widely used medical
materials, and require not only antibacterial ability, but also
mechanical strength, bio-compatibility, and other properties.

© xxxx |OP Publishing Ltd
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Many new bio-materials have been gradually introduced to
replace traditional medicine for skin wound treatment, as a
result of constant research efforts [7-9]. Electrospinning is a
convenient and efficient method to fabricate nanofibre mats
encapsulated with antibacterial substances, for use as
antiseptic dressings [10,11]. However, inflammation and
suppuration are still major problems that hinder treatment
[12,13].

Therefore, one of the key functions of a wound dressing
material is to provide a bacteriostatic healing environment
for the wound. In earlier studies, a new type of dressing
material, Ag—ethylene vinyl alcohol (Ag-EVOH) nanofibre
mat, with self-antibacterial ability, was fabricated using
electrospinning technology [14, 15]. EVOH is a type of high-
polymer resin material which consists of three elements:
carbon, hydrogen, and oxygen. Moreover, the mechanical
strength, modulus of elasticity, and flexural properties of
EVOH are good, owing to the low flexibility of its molecular
chains [16]. This material has also been approved by the US
FDA for direct use on humans. The dressing material
developed in this study uses nano-silver particles as
antibacterial substances, to ensure its antimicrobial capacity.
The antibacterial effect of silver has been proved in the
subsequent antibacterial experiments [15, 17]. Furthermore,
the mechanical properties of the Ag-EVOH nanofibre mats
were tested for the requirements of clinical use [18].

However, the duration for the discharge of excess nane-
silver particles from the human body is long, often taking
months, resulting in toxicity to the human body [19, 20].
Research has shown that the toxicity of copper and zinc is
less than that of silver of the same quality [21]. Hence;
EVOH nanofibre mats encapsulated with nano-CuO hand
nano-ZnO particles are considered in this study. On one hand;
copper and zinc are essential trace elements in, the human
body [22]. On the other, the antibacterial abilities of nano-
CuO and nano-ZnO particles have been proven [23-25]. It
was also found that during the fabrication {ocess, nozzle
blockages occur repeatedly. Therefore, in this study, the
influence of the environmental [temperature on the
electrospinning process was investigated, and/the suitable
settings for the fabrication parameters were identified. In
addition, the antibacterial properties of. the three types of
nanofibre mats were tested with different concentrations of
metal or metal oxide supplements. Moreover, planted cell
growths were observedrand menitered, to determine the
attachment and reproduction/abilities'on the fabricated mats.

This paper is arrangeddnto the following sections: firstly,
the materials and ‘approaches used in this study are
introduced, and' the fabrigation methods for electrospinning
at different temperatures are clearly described; secondly, the
micro-morphologies of ithe three types of nanofibre mats
(Ag-EVOH, CuO-EVOH, and ZnO-EVOH), as observed by
scanning electron microscopy (SEM), are presented; finally,

the antibacterial ability and the biocompatibility of the three
nanofibre mats are discussed.

2. Materials and Methods

2.1 Materials

Poly(ethylene-co-vinyl alcohol) (EVOH) was' used to
make nanofibres; its solvent consisted of iisopropanol and
deionised water. The supplements, /Ag particles, and CuO
and ZnO nanoparticles, were supplied in the form of AgNOs,
Cu(NOs)2, Zn(CH3COQ)z, and diethanolamine (C4H11NO3).
The materials were bought “from Shaanxi Huaxing
Experimental Technology Co., Ltd., execept EVOH, which
was purchased from Sigma-Aldrich (Batch number:
12822PE), in a granularform.

The preparations of thesthree nanofibre mat precursor
solutions were similar, in‘general. Isopropanol and deionised
water were mixed in @7:3 (y/v) ratio and used as the solvent
to dissolve EVOH. Then, 1. g EVOH was added to 10 ml of
the solvent in-anconical /flask, with water bath heating at
75 °C. For"Ag-EVOH..and CuO-EVOH, different amounts
(0.2, 0.5,/and 0.8 g) of AgNO; and Cu(NO3),, respectively,
were added into the flask, and stirred for 2—3 min until the
solution »became transparent. For ZnO-EVOH, different
amounts((0.2,,0%5, and 0.8 g) of Zn(CH3COO),, which melts
at a high temperature of about 370 °C, and C4H11NO», as the
complexanty in a 1:2 (w/w) ratio, were added into EVOH
solutions slowly. The conversion of the three solid
substances into liquids is shown in figure 1. After stirring
thoroughly, HCI was added drop-wise into the solution, till it
became transparent. In total, nine precursor solutions with
different concentrations of solute (0.02, 0.05, or 0.08 g/ml of
Ag, CuO, or ZnO) were prepared for the process of
electrospinning.
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Figure 1. Preparation of three precursor solutions

2.2. Experimental Methods

2.2.1 Electrospinning Process

Polymer Solution

Nanofibers

Needle Syringe

Roller Collector

O O
i 0~30KV

Figure 2. Electrospinning set-up

Figure 2 illustrates the fabrication setup, which consists of
a syringe with a fine needle, from which a constant flow of
the solution is produced into a static high-voltage electric
field which provides the driving force to spin the solution jet
in a spiral motion. The jet is stretched and solidified into a
continuous fibre of very fine diameter, often down to tens of
nanometres. The fibre can be collected in different ways,
such as into a mat/sheet with or without fibre orientation
control, or wound onto a roller. This process is commonly:
termed as electrospinning.

There are many factors that affect the final morphology of
the nanofibres, such as the voltage of the static eleetric field,
(needle) tip-to-collector stand-off distance, concentration of
the solution, environmental temperature, flow speed, etealn
earlier studies, we fabricated pure EVOH manofibre mats
with 7.5-12.5% EVOH solutions, using a 20 kV. veltage, 20—
30 cm stand-off distance, and 0.2—0.4 mm/min flow speed, at
ambient temperature (~20 °C). It was proven that the pure
EVOH nanofibres were fabricated withgoed, mechanical
properties, under the aforementioned conditions [26].
However, when the same set-up was used to produce Ag-
EVOH, CuO-EVOH, and %nO-EVOH, fibres, needle
blockage occurred frequently. Afterrextensive investigation
through trial and error, it’ was, found that a higher
environmental temperature is needed to\produce good-quality
fibres. The final control parameters used for all the sample
fabrications were 10% ~EVOH«="solution, 0.02 g/ml
nanoparticles, 25 kV voltage, 20@m tip-to-collector distance,
and 0.2 mm/min flow spéed, in/a heated environment of 40
°C.

2.2.2 Micromorphology and Component Detection

SEM and energy-dispersive X-ray spectroscopy (EDX)
were used to determine the morphology and elemental

composition of the samples (figure 3). Figures 3(a) and 3(b)
show the images of the pure EVOH nanofibres. The surface
of the fibres appears to be fairly smooth. Furthermore, based
on the EVOH spectrum, it was confirmed that/here are no
other elements in the EVOH nanofibres apart/from the three
elements C, H, and O.

For the Ag-EVOH, CuO-EVOH, (and ZnO-EVOH
nanofibres, a comparison with the pure. EVOH nanofibres,
using the images (figures 3(c), 3(d), 3(e), 3(¥), 3(g)s’and 3(h))
and equations (1) to (3), can confirm that the small particles
encapsulated in the fibres fabricated »wby conditional
electrospinning are Ag, CuO, and ZnO" nanoparticles,
respectively [26-28].

2AgNO; — 2Ag+2NO, T +0, T 1)

2Cu(NO3); = 2CuO0+44N05.T +0, T 2)

Zn(CH,C00), —2 GH,COCH, + ZnO+CO, T (3)

Figures 3(c), 3(€),.and 3(g) clearly show that the dispersity
of the Ag nanoparticles,is better than that of the other two.
Moreover, the,morphologies of the Ag-EVOH and CuO-
EVOH nanofibres are more regular than that of ZnO-EVOH,
although their diameters are similar. These characteristics
also influenced their microscopic performance to some
extent, suchhas the tensile strength, antibacterial ability, etc.
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Figure 3. Morphologies ((a), (c), (e), and (g)) and
energy spectra ((b), (d), (f), and (h)) of pure EVOH, Ag-
EVOH, CuO-EVOH, and ZnO-EVOH nanofibres (EVOH:

ethylene vinyl alcohol)

2.2.3 Antibacterial Test

To compare the antibacterial ability of the Ag-EVOH,
CuO-EVOH, and ZnO-EVOH nanofibre mats, the three
samples were cut into small circular disks of diameter 8 mm.

Page 4 of 12



Page 5 of 12 AUTHOR SUBMITTED MANUSCRIPT - MRX-109417.R2

Journal XX (XXXX) XXXXXX Liu et al

Staphylococcus aureus, the most common bacteria on wound
surfaces, was chosen for this study. The sample mats with
different concentrations of the respective nanoparticle and
those of pure EVOH were placed in culture dishes coated
with the bacteria. The diameter of the bacteriostatic loops
formed around the sample mat disks were measured, to judge
the antibacterial performance [29]. Figure 4 shows the results
after 24 h of the antibacterial test. The measured diameters of
the bacteriostatic loops, and their standard deviations (o), at
different time points, are shown in table 1.
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Figure 4. Antibacterial test of Ag-EVOH ((a) and (b)),

CuO-EVOH (c), and ZnO-EVOH (d) nanofibre mats for
24 h (EVOH: ethylene vinyl alcohol)
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Sample Ag-EVOH c | CuO-EVOH | 6 | ZnO-EVOH | o©
Concentration Time Bacteriostatic loop diameter (mm)
(g/ml) (&)
0 0 0 0 0 0 0
6 2.65 0.19 1.67 0.21 1.95 0.12
0.02 12 3.82 0.20 2.17 0.17 2.65 0.17
18 3.95 0.22 2.26 0.18 2.80 0.15
24 4.02 0.17 2.33 0.19 2.91 0:18
0 0 0 0 0 0 0
6 3.42 0.15 2.46 0.14 2.69 0.19
0.05 12 4.58 0.19 3.26 0.16 4.06 0.2
18 4.86 0.16 3.49 041 -4.38 0.17
24 5.01 0.21 3.55 0.15 4.53 0.14
0 0 0 0 0 0 0
6 3.86 0.17 2.95 0.17 3.16 0.18
0.08 12 5.03 0.15 3.75 0.14 4.75 0.16
18 5.62 0.18 4.01 0.16 5.07 0.15
24 5.89 0.14 4.12 0.16 5.21 0.13

Table 1. Bacteriostatic loop diameters of Ag-EVOH, CuO-EVOH, and:ZnO-EVOH nanofibre mats at different time
points (EVOH: ethylene vinyl alcohol)

2.2.4 Cell Proliferation Experiments

To examine the capacity of the sample mats to_stimulate
cell growth during the healing process, cell proliferation tests
were carried out on the nanofibre mats. The cells used imthis
experiment were Human Umbilical Vein Endothelial Cells=
Green fluorescent protein (HUVEC-GFP), and, the culture
medium consisted of a growth medium andstrypsin digest
solution. The growth medium was mixed with a high-glucose
medium (H-DMEM), 10% Gibco, 1%, penicillin, and
streptomycin sulfate. The trypsin digest solution comprised
three parts, including Phosphate Buffer Saline (PBS), 0.25%
trypsin, and 0.02% Ethylenediaminetetraacetic acid (EDTA).
After the HUVEC-GFP cells wereycultured for 2 d in the
growth medium, they were ineculated into/96 orifice plates
(2000 holes), onto which small pieces of the mat samples
pre-treated with a hydrophile were placed. The morphology
and quantity of the cellstwere observed using an inverted
fluorescence microscope, after having been planted for 1 to 7
d at 37 °C, approximately: In addition, the absorbance (OD)
at 450 nm, which"is' a measure of cell proliferation, was
detected and assessed. Eigure 5 shows the images of the
proliferation of the HUVEC cells after culturing for 7 d with
the pure EVOH nanofibre sample (5(a)) and 0.08 g/ml Ag-
EVOH nanofibre sample (5(b)).

200 pm

(a) Pure EVOH nanofibre mat
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200 pm

(b) EVOH nanofibre mat with 0.08 g/ml Ag
Figure 5. Proliferation of HUVEC cells after culturing for
7d

3. Discussion

3.1 Influence of Temperature

When electrospinning is carried out for EVOH with metal
or metal oxides, at room temperature (20+2 °C), there is a
tendency for substance attachment to the outlet of the nozzle,
which hinders the formation of the Taylor cone [30]. Hence,
different temperatures (30, 40, and 50 °C) were tested, with
the other parameters kept constant. We found that substance
attachment was minimum at 40 °C (£3 °C). There are two
reasons for this phenomenon. Firstly, the solution in the
syringe is prepared at 75 °C, and hence its temperature.drops
rapidly at ambient conditions, resulting in a decrease’in the
solubility and fluidity. Moreover, the concentration of the
solute in the Taylor cone at the nozzle is highsTherefore, the
solute would easily separate out at the nozzle at low
temperatures. This problem was solved( effectively by
increasing the temperature suitably. However, when' the
temperature was further increased, eg. closento.60 °C,
blockages again occurred frequently. This is‘primarily due to
the acceleration of solvent volatilisations The solvent that we
used in this study was isopropanol, which has-a boiling point
of 82.45 °C. Once the environmental temperature was
sufficiently high, the solvent of theisolution that forms the
Taylor cone would volatilise before ejecting, resulting in
attachment to the nozzle, Furthermore, the agglomeration of
the nanoparticles increases. This is not conducive to a good
overall antibacterial ability’ of the nanofibre mat, when it is
used as a wound dressing.

Figure 6 shows the ‘morphology of the 0.02 g/ml
nanofibres fabricated at 40 °C, and the measurements of the
nanofibre diameters, At least 5 parts of the sample were
measured /for each diameter value, and the trimmed mean
was taken as the average value of the sample. A comparison
of the results, for the three samples under different

temperatures (30, 40, and 50 °C) is given in figure 7,
showing a decreasing trend for the nanofibre diameter, in
terms of the fabrication temperature.

1 N
— 3 4

Figure 6. SEM image of.0.02 g/ml nanofibres fabricated

at 40°C

2.5
-y
f:g ¥ L1588
E 154 \ 1.366
% 1.0 i
A 0.54

0.0 T T T

30 40 50

Temperature ('C)

Figure 7. Influence of temperature on the diameter of
nanofibres

3.2 Antibacterial Ability

Figures 8(b) to 8(d) show the morphologies of the Ag,
CuO, and ZnO nanoparticles, respectively, attached to the
nanofibre mats. Most of the particle sizes are less than 100
nm, which promoted their antibacterial ability. Comparing
the three images, it is clear that the Ag particles are
distributed most evenly. There is a slight agglomeration of
the CuO and ZnO nanoparticles. These micro-characteristics
also had some effect on the antibacterial properties of the
nanofibre mats.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - MRX-109417.R2

Journal XX (XXXX) XXXXXX

Liu et al

m x10.0k SE(M) ST 5 00um

(¢) EVOH nanofibres with,CuO nanoparticles

$-4800 5.0kV 7.7mm x15.0k SE(M) T S gum

(d) EVOH nanofibres with ZnO nanoparticles
Figure 8. Morphology of nanoparticles in a single
nanofibre (EVOH: ethylene vinyl alcohol)

Figure 9 showsthe results of the antibacterial tests for the
three types of nanofibre mats. Based on figures 9(a)-9(c), it
can be concluded that the® Ag-EVOH, CuO-EVOH, ZnO-
EVOH nanofibre mats were all effective in eliminating S.
aureus. (The “antibacterial ability increases with the
concentration of the’ Ag, CuO, and ZnO nanoparticles.
However;, in figures 9(c)-9(f), which compare the diameters
of the bacteriostatic loops of the Ag, CuO, and ZnO particles
of the/same concentration, the trends of the tests of the
antibacterial ability the of Ag-EVOH, CuO-EVOH, and
ZnO-EVOH nanofibre mats are similar; furthermore, the
antiseptic effect of the ZnO-EVOH nanofibre mat is weaker
than that of the Ag-EVOH nanofibre mat in the first 6 h, but
then exhibits a similar effect. The main reason for this could
have been the way ZnO was added to the EVOH solution. It
is more difficult to produce ZnO from Zn(CH3COO); than
producing Ag and CuO from AgNO3 and Cu(NOs).. The
ZnO-EVOH precursor solution was mixed by fully melting
zinc acetate and dissolving it in the EVOH solution, rather
than adding Zn(CH3COO): to the EVOH solution directly, as
in the preparation of the Ag-EVOH and CuO-EVOH
solutions. Therefore, the dispersion of the ZnO nanoparticles
in solution is different from that of the Ag and CuO
nanoparticles. Figures 3 and 8 also show that the total surface
area of the ZnO nanoparticles is lower than that of the Ag
and CuO nanoparticles, thus requiring a longer release time.
This could be the reason why it worked slowly [31].
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Figure 9. Results of the antibacterial test for the three
types of nanofibre mats

3.3 Cell Proliferation

Figure 10 shows the values of absorbance (OD) for the
different samples. It indicates that after inoculation for 24 h,
the HUVEC cells can be attached to the EVOH film in
shuttle form. The HUVEC cells proliferated on the Ag-
EVOH, CuO-EVOH, and ZnO-EVOH nanofibre mats in a
similar manner. However, the growth of the HUVEC cells on
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the nanofibre mats with nanoparticles was slightly lower than
that on the pure EVOH nanofibre mats. This can also be
regarded as clear evidence of the biocompatibility of EVOH
nanofibre mats, which have been studied previously [32]. It
is notable that the metals and metal oxides cannot be the
bases for cell proliferation, and their presence seems to have
some, although apparently limited, effect on the inhibition of
cell growth.
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Figure 10. Values of OD for different samples
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4, Conclusions

In this study, Ag-EVOH, CuO-EVOH, and ZnO-EVOH
nanofibre mats were fabricated by electrospinning.
Experimental research was carried out to verify the effect of
temperature, and the biological application_performance, of
the mats obtained. This led to the following conclusions.

(1) Environmental temperature has assignificant effect on
the electrospinning process, mainly, due’ to the
phenomenon of needle blockage. The experimental
investigations led to the /conclusion that the most
suitable temperature fornelectrospinning of EVOH
nanofibre mats encapsulated with Ag, CuO, and ZnO
particles is about 40°C.

In antibacterial tests using S. aureus, the Ag-EVOH
nanofibre mats/showedythe/maximum antibacterial
capacity, whereas the “CuO-EVOH nanofibre mats
were the weakest. The antibacterial mechanisms of
Ag, CuO, and ZnO are‘complex [33-35]. These metal
or metal oxide particles continuously release metal
ions into aqueous media; these ions can penetrate the
cell’ walls, of bacteria and destroy the activity of cell
synthetase, disrupting their division and proliferation.
Metal ions are then freed from the cells after
sterilisation, and continue to kill other bacterial cells.
This i the mechanism for the persistent antibiotic
activity of metals or metal oxides.

Cell’ proliferation experiments showed that the
HUVEC cells proliferate with a similar growth trend
for all the samples. However, the presence of metal or
metal oxide particles on the surface of the fibres may
hinder cell growth to a small extent, compared with
that on pure EVOH fibre mats.

This study shows that EVOH nanofibre mats encapsulated
with metal or metal oxide (Ag, CuO, and ZnO) nanoparticles,
prepared by electrospinning, demonstrated antibacterial and
cell growth capacities. With studies on other characteristics
such as the mechanical and biodegradable properties, they
could potentially be used as wound dressing materials, for
improved functionality in the wound healing process. We
intend to carry out further studies and more tests on a broader
range of samples and conditions.

2)

)

Acknowledgements

This research was supported by the PhD start-up funds of
the Xi’an University of Science and Technology (No.
201572X228), and the Natural Science Project of the
Education Office of Shaanxi Province (No. 15JK1484).

References

[1] Murphree R W 2017 Impairments in skin integrity Nurs. Clin. N.
Am. 52 405-417

Page 10 of 12



Page 11 of 12

oNOYTULT D WN =

Journal XX (XXXX) XXXXXX

AUTHOR SUBMITTED MANUSCRIPT - MRX-109417.R2

Liu et al

[2] Narendran V, Pickens W L, Visscher M O and Hoath S B 2015
Neuroprotective core measure 6: Protecting skin -
neuroprotective care in the newborn: Does skin protect the
immature brain from hyperbilirubinemia? Newborn Infant Nurs.
Rev. 15 124-127

[3] Wang Y, Beekman J, Hew J, Jackson S, Issler-Fisher A C,
Parungao R, Lajevardi S S, Li Z and Maitz P K M 2018 Burn
injury: Challenges and advances in burn wound healing,
infection, pain and scarring Adv. Drug Deliv. Rev. 123 3-17

[4] Kalus A 2015 Rheumatologic skin disease Med. Clin. N. Am. 99
1287-1303

[5] Johnson C 2018 Management of burns Surgery (Oxford) 36(8)
435-440

[6] Wang J and Windbergs M 2017 Functional electrospun fibers
for the treatment of human skin wounds Eur. J. Pharm.
Biopharm. 119 283-299

[7] Simdes D, Miguel S P, Ribeiro M P, Coutinho P, Mendonca A
G and Correia I J 2018 Recent advances on antimicrobial
wound dressing: A review Eur. J. Pharm. Biopharm. 127 130-
141

[8] Naseri-Nosar M and Ziora Z M 2018 Wound dressings from
naturally-occurring polymers: A review on
homopolysaccharide-based composites Carbohydr. Polym. 189
379-398

[9] Vowden K and Vowden P 2017 Wound dressings: principles
and practice Surgery (Oxford) 35 489-494

[10] LiuY, Cao P, He J, Lin Z-s, Qiu T, Li C, Cai X-d and Ao
N-j 2014 Research and application progress in manufacture of
nano-antimicrobial wound dressings by electrospinning Polym.
Bull. 10 40-45

[11] Zhong L, Liu Z, Chen J, Chen R and Shen W 2016
Research advances in electrospun fibers as dressings for poor-
healing wound Prog. Pharm. Sci. 40 375-379

[12] Turner C T, Lim D and Granville D J 2017 Granzyme.B

in skin inflammation and disease Matrix Biol. (In press)

Mofazzal Jahromi M A, Sahandi Zangabad P, Moosavi

Basri S M, Sahandi Zangabad K, Ghamarypour.A, Aref A R,

Karimi M and Hamblin M R 2018 Nanomedicine and advanced

technologies for burns: Preventing infection and facilitating

wound healing Adv. Drug Deliv. Rev. 123 33:64

[14] Miguel S P, Figueira D R, Simdes D, Ribeiro M P,
Coutinho P, Ferreira P and Correia I J 2018 Electrospun
polymeric nanofibres as wound dressings: A feview Colloids
Surf. B: Biointerfaces 169 60-71

[15] Wang A, Xu C, Zhang C, Gan Y and Wang B 2015
Experimental investigation of the properties of electrospun
nanofibers for potential medical applicationd. Nanomater. 2015
418932

[16] Jingxuan G 2010 EVOH in the development process
Packag. J. 2(4) 71-74

[17] Xia L, Xu M, Cheng G, Yang Ib; Guo Y, Li D, Fang D,

Zhang Q and Liu H 2018 Facile construction of Ag

nanoparticles encapsulated into€arbon nanotubes with robust

antibacterial activity Carbon 130 775-781

Wang B, Chao X, Lii Y and Reid S R 2013 Tensile
strength of-electrospun poly(ethylene-co-vinyl alcohol)

nanofibre sheets Key Eng. Mater. 535-536 215-218

Ema M, Okuda H, Gamo M and Honda K 2017 A review
of reproductive and developmental toxicity of silver

[13]

(18]

[19]

11

nanoparticles in laboratory animals Reprod. Toxicol. 67 149-
164
[20] McShan D, Ray P C and Yu H 2014 Molecular toxicity
mechanism of nanosilver J. Food Drug Anal. 22 116-127
Ma L, Wu J and Lyu Z 2016 Synergistic antibacterial
effection of CuO nanoparticles combined with gentamicin
against methicillin-resistant Staphylococcus aureusJ. Wuhan
Inst. Technol. 38 226-230

[22] Rodriguez-Pérez C, Vrhovnik P, Gonzalez-Alzaga B,
Fernandez M F, Martin-Olmedo®, Olea N, FiketZ, Kniewald
G and Arrebola J P 2018 Socio-demographic, lifestyle, and
dietary determinants of essential and possibly-essential trace
element levels in adipose tissuedtom an adult eohort Environ.
Pollut. 236 878-888

[23] Nabila M I and Kannabiran K 2018 Biosynthesis,
characterization and antibacterial activity of copper oxide
nanoparticles (CuO NPs) fromwactinomycetes Biocatal. Agric.
Biotechnol. 15 56-62 ~

[24] Sonia S, JayasudhaR, Dhanpal Jayram N, Suresh Kumar
P, Mangalaraj Déand Prabagaran S R 2016 Synthesis of
hierarchical CuO nanostructures: Biocompatible antibacterial
agents for Gram-positive and Gram-negative bacteria Curr.
Appl. Phys. 16 914-921

[25] Qi K, Cheng By Yu J and Ho W 2017 Review on the
improvement of the photocatalytic and antibacterial activities of
ZnOJ. Alloy. Compd. 727 792-820

[26] XuCypXu F, Wang B and Lu T 2011 Electrospinning of
poly(ethylene-go-vinyl alcohol) nanofibres encapsulated with
Ag nanoparticles for skin wound healing J. Nanomater. 2011
201834

[27] Zhan S, Zhang Y, Long Y, et al. 2017 Preparation of
ZnO/active carbon composite nanofibers by electrospinning
method J. North China Univ. Sci. Technol. 39(2) 37-45

[28] Wang J 2011 Surface modification of T-ZnOw and its
photocatalytic property (Southwest Jiaotong University)

(Master’s Degree Thesis)

Pan Y-J, Lin J-H and Chiang K-C 2016 Biomedical
applications of antibacterial nanofiber mats made of
electrospinning with wire electrodes Appl. Sci. 6 46

Liu J, Liu Y, Bukhari S h, Ren Q, Wei C and Jiang X
2017 Electric field simulation and optimization on solid-core
needles of electrospinning device Chem. J. Chin. Univ. 38(6)
1011-1017

Miiller K H, Motskin M, Philpott A J, Routh A F,
Shanahan C M, Duer M J and Skepper J N 2014 The effect of
particle agglomeration on the formation of a surface-connected
compartment induced by hydroxyapatite nanoparticles in human
monocyte-derived macrophages Biomaterials 35(3) 1074-1088

Kenawy E-R, Layman J M, Watkins J R, Bowlin G L,
Matthews J A, Simpson D G and Wnek G E 2003
Electrospinning of poly(ethylene-co-vinyl alcohol) fibers

Biomaterials 24 907-913
[33] Zhou S, Xu S, Wang X Gu X 2008 Study on the antibiosis
effects of Nano-Ag and Nano-ZnO textile material Cotton Text.
Technol. 36 27-29

Kuang H-j, Yang L, Xu H-y and Zhang W-y 2015
Antibacterial properties and mechanism of zinc oxide
nanoparticles: research progress Chin. J. Pharmacol. Toxicol.
29(1) 153-157

[21]

(29]

[30]

[31]

[32]

[34]



oNOYTULT D WN =

aOuvuuuuuuuuundADdDDDIEDNDMNDIAEDNDMNDAEWWWWWWWWWWNNNDNNNDNNNDN=S S @92 Qa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

AUTHOR SUBMITTED MANUSCRIPT - MRX-109417.R2

Journal XX (XXXX) XXXXXX

Page 12 of 12

Liu et al

[35] Andra S, Ramoorthy R and Muthalagu M 2018
Manifestation of solvents induced self-assembly of green
synthesized CuO nanostructures and their enhanced
antimicrobial activities Mater. Res. Express 5(6) 065043




